Abstract. Spectral variation of solar irradiance can be analyzed by the means of component cells, being useful for multi junction (MJ) and concentrator photovoltaics (CPV) characterization by the use of component cells derived spectral indexes, namely, spectral matching ratios (SMRs). When enough spectral data is available, a location can be also characterized and a MJ solar cell can be locally tuned. The AERONET network of ground-based sun photometers is employed to obtain the atmosphere parameters for 34 sites worldwide. To conclude, the SMR indexes are obtained for every location, and a comparative analysis is completed for four architectures of MJ solar cells technologies (two lattice match and two metamorphic). Based on this information, some cluster of locations that share similar spectral features arise.
INTRODUCTION
Concentrator photovoltaics (CPV) systems are based on multijunction (MJ) solar cells that are composed of several subcells connected in series. The benefit of MJ solar cells with respect single junction broadband cells is that each MJ subcell is optimized to a specific range of the solar spectrum and usually the MJ cell can absorb a broader spectral range. However due to the series connection, any change in solar spectrum with respect the reference spectrum (AM1.5D-G173-03) is going to provoke a current mismatch among the subcells and the MJ solar cell is only generating the minimum of the subcells currents. In fact, the most common scenario is that the photocurrent ratios (I ratios ) obtained at reference spectrum are only accomplished a very few times during a day or even not occurring. So the optimum I ratios that maximize every harvesting at a certain location may not be the ones that maximize the current of the device under AM1.5D-G173-03.
It can be useful to define a representative spectrum for a place, so this spectrum could be used to optimize a MJ solar cell and therefore a CPV module, for example, by tuning the photocurrents generated by every subcell [1] or by adjusting the optical design [2] . However this spectral information is scarce and is found only for a few places.
Spectral Matching Ratio
The Spectral Matching Ratio (SMR) quantifies a particular irradiance spectrum by comparing it to a reference spectrum, i.e. AM1.5D-G173-03. SMR is defined as the ratio between the currents photogenerated by two subcells under the spectrum in study, divided by the same ratio under the reference spectrum [3, 4] , and can be calculated as: stands for the photocurent of subcell i under the reference spectrum. From now on we will assume that the aforementioned MJ solar cell and the component cells used to determine the set of photocurrents and consequently SMRs are of the same technology, i.e., they have the same relative spectral responses. The component cells provide a very low spectral resolution, typically composed of three values, but enough to determine the prevailing spectral conditions and to estimate the performance of state-of-the-art CPV technologies [5, 6] .
A procedure for the spectral characterization of a particular site based on SMR indexes is proposed and then used to characterize spectrally worldwide locations. This information reveals how the annual energy weighted spectrum of the site compares to the reference spectrum and provides useful information for the optimization of a particular MJ technology for that site. To quantify the spectral losses due to spectral mismatch of a location with regard to reference spectrum, the derived spectral efficiency computes the losses associated to such spectral variations. Moreover, its integration over days, months or years for a specific site reveals the spectral losses to be expected in such site for a particular MJ technology, which can be used in the modeling and energy forecast of CPV systems.
ANNUAL SPECTRAL ENERGY DISTRIBUTION VERSUS SMR
Strongly influenced by local climate, the majority of the energy may be found at SMR values different from one, e.g., at high altitude locations with clear sky the most probable situation is value that maximizes the annually harvested energy for that particular location would be lower than one.
The SMRs representative for a place can be calculated by integrating the SMRs weighted by the direct normal irradiation E DNI , over the whole year:
The distribution of the annual direct normal irradiation as a function of SMR mid top and SMR bot mid is shown in Fig. 1 for Madrid in 2013 with minute resolution. Both SMRs define a mesh whose size is 100x100 bins with a resolution of 0.05x0.05. The color map represents an indication of the direct normal irradiation that is received in Madrid for every combination of SMR values.
The black dot in Fig. 1 indicates the SMRs barycenter, that is, the annually DNI-weighted in spectral coordinates 
SYNTHETIC WORLD SPECTRAL NETWORK
This procedure can be extended to different worldwide climates. Since nowadays the amount of deployed spectroheliometers around the globe is quite reduced, another approach considering synthetic spectra can be an interesting option for the atmosphere characterization. We propose an approach that involves the use of atmospheric radiative transfer models, such as SMARTS, SPECTRAL2, and MODTRAN fed by spectral parameters. Among the spectral factors, the sunlight path length, which is function of Sun's zenith angle and altitude, the aerosol extinction and water vapor absorption are considered to be the principle impact factors [8] .
Furthermore, a representative number of simulated spectral irradiance distributions can be used for estimating the average effect of the spectral variations in the performance of a MJ solar cell in periods of days, months, or a whole year for a specific site. This information can be used for the optimization of the current balance between subcells within a MJ solar cell under the standard reference spectrum, which will depend on the site.
AERONET is a network of ground-based sun photometers that contains spectral parameters information. The set of spectrally-resolved DNI for a number of sites and years, modeled with SMARTS from AERONET data, has been used to obtain SMR spectral indexes [9, 10] used in CPV considering a representative operation cell temperature of 90 ºC. However an analysis of the influence in a concrete CPV system should also consider the effect of the optics on the spectral distribution on the MJ cell [11] , the change on the transmittance due to temperature variations on the optics [12] and ambient temperature fluctuations.
Data Description
The AERONET database contains data of more than 800 locations, whose measured atmospheric parameters have different level of quality for each location and every year. The site and period selection criteria are set to be:
 A particular year must have at least a certain number of data points, fixed at 10000; IES-UPM has been collecting spectroheliometer SMR data at a site that is only 200 m distant from an AERONET station maintained by the Spanish state meteorological agency (AEMET). Both instruments see virtually the same sky, which represents a convenient scenario for comparing both spectral data sources.
Considering that AERONET stations usually have a sampling frequency of 15 minutes and the spectroheliometer is sampled every minute, the spectroheliometer dataset has been interpolated to the time array of the AERONET data. Regarding data screening, AERONET level 2.0 data quality has been selected, therefore it assures cloud screening plus manual quality verification. The coordinates 
Mapping the Solar Resource with the Spectral Characteristics of Worldwide Locations
Among the atmospheric parameters, air mass (AM) corrected with site elevation [13] , aerosol optical depth (AOD), and precipitable water (PW) are considered to be the main factors impacting DNI spectrum, while others such as ambient temperature, air pressure, ozone and others have a minor impact [14] . Nevertheless, the impact of such atmospheric condition on the MJ device performance cannot be directly calculated, but it is necessary to estimate the spectral distribution of DNI first by means of a radiative transfer model and then calculate the performance of the device through its spectral response. Alternatively, SMR indexes allow the direct estimation of the impact on the MJ performance since they account for the variations in current ratios among the subcells of the device. Thus, it would be helpful to determine relationships between the atmospheric indexes (AM, AOD, PW) and the spectral indexes (SMRs).
We shall start studying the atmospheric parameters that affects each annual DNI-weighted averages 
090007-4
Annually DNI-Weighted Top-Middle SMR vs. Geographic Parameters 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing. The relationship of mid bot SMR with PW is pointed out in Fig. 3 . The higher the PW , the stronger the absorption of the DNI in the infrared region, more important in the bottom subcell region than in the middle one, leading to high 
GLOBAL ANALYSIS OF SPECTRAL INFLUENCE FOR SEVERAL KINDS OF TRIPLE JUNCTION CELLS
The previous work was supposing a LM GaInP/GaInAs/Ge triple junction solar cells, hereafter LM-Ge. The aim of this part is to compare these data with those obtained for other triple junction technologies, including various types of lattice-matched and metamorphic triple-junction solar cells, covering on the one hand lattice-matched 3J solar cells, both traditional cells based on germanium substrates and cells based on dilute nitrides, and on the other hand metamorphic 3J solar cells, both upright and inverted grown. SMR for the four cell technologies. The differences between the cell technologies is observed to be relatively low compared to the strong differences between locations, which is a consequence of the high degree of similarity between the spectral range of top, middle and bottom subcells for the four technologies. Some sites have geographic parameters in common and form clusters that have similar levels of annual DNI-weighted spectral parameters relevant to highlight as those in deserts, close to big masses of water and North-American South-West.
Regarding top mid SMR the differences among the technologies are below 1% for half of the sites and between 1% and 2% for the other half, while the differences among sites range about 20%, from 0.82 to 1.03. It is worth making the point that the distance among SMR coordinates of different technologies of a given site is related to the closeness of its atmosphere to AM1.5D-G173 conditions. The closer is a location to the ideal situation =2.87) highlight those differences which are caused by the combination of the cut-off wavelengths of the subcells and the dominant levels of atmospheric components of a site.
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CONCLUSIONS
Several capabilities of the SMR as spectral index for CPV applications have been shown in this paper beyond their most common use in the CPV community, which is filtering of operating conditions to fix a certain spectral condition. First, SMR indexes have been used to characterize the solar resource at a specific site through their annual DNI-weighted average values related to a MJ solar cell technology. This provides the spectral information that gives most of the necessary information for optimizing the spectral response of a CPV module (whose response at a reference site is known) for a new location. This may be carried out by tuning the current ratio of the receiver multi-junction cells by a factor corresponding to the difference in SMR between the known site and the new site or considering external factors as optics.
Then, the relationships between SMR indexes and spectral parameters, mainly AM, AOD, and PW have been determined for annual DNI-weighted averages, which allows the prediction of the SMR indexes if some geographic and atmosphere parameters of a site are known. The capability of the AERONET network to provide such needed parameters has been exploited in this study, selecting 34 worldwide sites with the best data quality and covering many different climate conditions. Finally, the site characterization by means of SMR indexes have been extended to several triple-junction technologies, covering lattice-matched cells based on germanium and dilute nitrides and both inverted and upright metamorphic cells. The comparative analysis shows large differences in the performance of the devices between the selected locations, while the differences among the technologies were much less significant. When all the sites are 
